A tens of Tesla quasi-static axial magnetic field can be produced in the interaction of a short intense laser beam carrying an Orbital Angular Momentum with an underdense plasma. Threedimensional "Particle In Cell" simulations and analytical model demonstrate that orbital angular momentum is transfered from a tightly focused radially polarized laser beam to electrons without any dissipative effect. A theoretical model describing the balistic interaction of electrons with laser shows that particles gain angular velocity during their radial and longitudinal drift in the laser field. The agreement between PIC simulations and the simplified model identifies routes to increase the intensity of the solenoidal magnetic field by controlling the orbital angular momentum and/or the energy of the laser beam.
A tens of Tesla quasi-static axial magnetic field can be produced in the interaction of a short intense laser beam carrying an Orbital Angular Momentum with an underdense plasma. Threedimensional "Particle In Cell" simulations and analytical model demonstrate that orbital angular momentum is transfered from a tightly focused radially polarized laser beam to electrons without any dissipative effect. A theoretical model describing the balistic interaction of electrons with laser shows that particles gain angular velocity during their radial and longitudinal drift in the laser field. The agreement between PIC simulations and the simplified model identifies routes to increase the intensity of the solenoidal magnetic field by controlling the orbital angular momentum and/or the energy of the laser beam.
The generation of a quasi-static magnetic field in the laser-plasma interaction is a subject of many theoretical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and experimental studies [11] [12] [13] . Two approaches are considered: one consists in designing the target in such way that the interaction with the laser generates controlled azimuthal currents [7, 8] , another one proposes to transfer angular momentum from laser to electrons by using circularly polarized laser beam [1] [2] [3] [4] [5] [6] [11] [12] [13] or laser beam with a structured spatial shape [9, 10] . In [1] [2] [3] [4] [5] [6] , the authors consider theoretically the magnetization of a medium exposed to a circularly polarized Gaussian laser beam. Plasma magnetization originates from the inverse Faraday effect, where the spin angular momentum of a laser beam is transfered to the plasma electrons due to dissipation processes such as collisions, ionization or radiation friction. This laser to electron angular momentum transfer has been experimentally observed [11] [12] [13] . Ali et al. [9] , consider a linearly polarized laser beam carrying Orbital Angular Momentum (OAM) [14] and analytically demonstrate that such a laser beam transfers its OAM to electron through the inverse bremsstrahlung dissipative process. Lécz et al. [10] and Wang et al. [15] numerically model the interaction of a screw-shaped laser pulse with an underdense plasma and observe laser to electron OAM transfer in the laser wakefield.
In this letter, we demonstrate that a quasi-static axial magnetic field can be generated within a purely optical process, without any dissipative effects. It is produced in an underdense plasma irradiated by a radially polarized OAM laser beam, which is for example, experimentally designed by Li et al. [16] . The authors demonstrate their capacity to produce such laser beams with an energy ratio between radial and azimuthal components attaining 98%. Our three-dimensional (3D) Particle In Cell (PIC) simulations, modeling the laser-plasma interaction, clearly show an orbital angular momentum transfer from laser to electron and the generation of a strong solenoidal magnetic field. A simplified model describing the laser-electron dynamics shows that this transfer originates from the joint radial and longitudinal electron motion in the laser field. The agreement observed between the 3D PIC simulations and the simplified model provides means for controlling the magnetic field with laser parameters.
To model a tightly focused radially polarized laser beam carrying OAM, we consider the numerical algorithm developed by Thiele et al. [17] . It consists in prescribing the temporal and spatial shape for the electromagnetic fields at the focal point x = x 0 in vacuum, and then solving the Maxwell's equations in vacuum to compute the electric and magnetic fields components at the box boundaries (x=0 plane). This method provides the electromagnetic fields consistent with the Maxwell's equations and is valid beyond the paraxial approximation for laser beam. The radially polarized OAM laser beam is prescribed at the focal point x = x 0 in the cylindrical coordinates (r, θ, x):
with the radial distribution f (r) = C l (r/w 0 ) |l| e −(r/w0) 2 , the temporal envelop g(t) = cos 2 (π t−t0 τ ) in the time interval |t − t 0 | < τ /2, the laser OAM l, the focal beam waist w 0 = 2 µm, the pulse duration τ equal to 6 optical periods (T), the central time t 0 , the laser amplitude E 0 , the normalization factor C l = 2 |l|+1 /|l|! and the radial unit vector e r . The laser frequency ω 0 = 2.3 ×10 underdense plasma is studied with the 3D PIC code OCEAN [18] . The numerical box is composed of 640 cells along the longitudinal axis x, and 512×512 cells in the transverse plane (y,z), with a spatial resolution of 19 nm. Absorbing conditions for the electromagnetic fields and particles are defined at the box boundaries. The laser pulse with an OAM l = 1 and an intensity 2×10
18
W/cm 2 , corresponding to the adimensionned field amplitude a 0 = eE 0 /m e ω 0 c = 1 (m e is the electron mass, e is the electron charge and c is the light speed in vacuum), is injected into the numerical box from the left border. The total laser energy is 2.5 mJ. The plasma composed of electrons and protons with an initial density equal 1.74
, has a cylindrical spatial shape with a 1.52 µm length and a 6.9 µm diameter. Ten macro-particles per cell are considered.
From PIC simulations, we evaluate the averaged longitudinal orbital angular momentum gained by electron in the laser beam:
with the total number of electrons N b , laser beam axis (y 0 , z 0 ), transverse coordinates (y i ,z i ) and transverse momenta (p y,i , p z,i ) of the macro-particle i defined with the weight w i . Protons do not gain any significant angular momentum due to their mass 1836 times heavier than the electron's one. Solid curves in Fig. 2 display the temporal evolution of L x : the red and green curves, distinguishing electrons rotating in opposite directions, show a similar temporal behaviour but of an opposite sign. As the laser interacts with the plasma bulk, from ω 0 t = 50 to ω 0 t = 100 (1/ω 0 = 0.4248 fs), the absolute value of L x increases up to 0.5 m e c 2 /ω 0 , and then decreases to a value close to 0.15 − 0.2 m e c 2 /ω 0 . The black curve, displaying the total averaged electron angular momentum, exhibits a break around ω 0 t 70. L x remains nonzero once the electron-laser interaction ends: equal to -0.08 m e c 2 /ω 0 at ω 0 t 75, it slightly increases up to -0.063 m e c 2 /ω 0 at ω 0 t 250. The dashed curves in Fig. 2 , displaying the relative number of electrons with positive and negative angular momentum, show that the part of electrons with negative angular momentum continuously increases during their interaction with the laser. At the end of their interaction with the laser, more than 70% of electrons have acquired a negative angular momentum. The transversal cut of the electron longitudinal OAM distribution, shown in Fig. 3 , displays a ring (a tube in 3D) containing the highest electron L x amplitude with an external radius r 1 ∼ 15 c/ω 0 and an internal one r 0 ∼ c/ω 0 . These rotating electrons, characterized by L x slightly lower than -0.4 m e c 2 /ω 0 , form a solenoidal structure with an axial magnetic field inside (left panel in Fig.1 ). The central hole shows electrons L x close to zero values, in agreement with the laser intensity distribution.
The left panel in Fig. 1 displays an isocontour of the longitudinal magnetic field B x once the laser has left the plasma area. The quasi-static B x field presents a cylindrical shape: its axial length is equal to the plasma length (∼ 2.5 µm) and its radius is limited by the contour where the laser intensity is maximal (r = 12 c/ω 0 ). The cylinder axis coincides with the laser one. The B x maximal amplitude reaches 0.004 m e ω 0 /e (53 T).
We now compare this value with the B x field generated by electrons localized in a hollow cylinder with a length l, an internal radius r 0 and an external radius r 1 . The electron density is set to n e and the electron longitudinal orbital angular momentum is equal to l x . We consider the laser unit system, where lengths are expressed in c/ω 0 =127.3 nm, density is expressed in n c = 1.74 × 10 19 cm −3 (the plasma critical density) and magnetic field is expressed in B c = m e ω 0 /e = 13382 Tesla. The derivation of the Biot-Savart law [19] , pre- sented in the Supplementary Materials, results in
Considering the values computed in PIC simulations:
2 /ω 0 , n e = 0.01 n c , l = 19 c/ω 0 , r 0 =6 c/ω 0 and r 1 =15 c/ω 0 , we obtain B x = 0.0038 B c which perfectly agrees with the B x value computed from PIC simulations and equal to 0.004 B c .
To understand how electrons gain their angular velocity, we have implemented in the OCEAN code a particle tracking module. This diagnostic consists in adding some arbitrarly chosen electrons that experience the electric and magnetic fields but do not produce the selfconsistent fields, automatically computed in PIC simulations. Figure 4 displays the longitudinal OAM acquired by these "test electrons" at the end of their interaction with the laser beam as a function of their initial radial coordinate (r 0 ), when the plasma motion is active (green circle) so that plasma self-consistent fields influence the laser-electron dynamics and when the plasma motion is "frozen" (gray markers) where these "test electrons" only experience the laser electromagnetic fields.
The green circles show that L x values lower than −0.4 m e c 2 /ω 0 are obtained for electrons initially localized in the zone where the laser intensity is maximum, i.e. r = 7 − 12 c/ω 0 . Moreover, the L x spatial distribution follows the laser intensity spatial shape. Same characteristics are observed for the L x radial distribution when the plasma motion is frozen (gray markers), except that the electron angular momenta reach higher absolute values. This demonstrates that the OAM transfer from laser beam to electrons is a pure optical process for which the efficiency is increased as the plasma self-consistent fields are turned off. When the plasma motion is active, a longitudinal charge separating field is generated on the rear plasma surface due to the ion inertia. This electrostatic field keeps the electrons confined in the plasma zone reducing their interaction time with the laser, and then their angular velocity gain.
Because these PIC simulations clearly highlight that the laser to electrons OAM transfer results from optical process only, we develop a reduced numerical model describing the laser beam induced electron dynamics. It solves the relativistic motion equations of an electron irradiated by the electric (E r , E θ , E x ) and magnetic fields (B r , B θ , B x ).
where p r = γv r = γṙ, p θ = γv θ = γrθ and p x = γv x =ẋ are the radial, azimuthal and longitudinal electron momenta, respectively and γ = 1 + p 2 r + p 2 θ + p 2 x is the Lorentz factor. As detailed in the Supplementaty Materials, a radially polarized OAM laser beam is not an eigenmode of the Maxwell's equations: it contains a small admixture of the azimuthal component out of the focal point. The electric and magnetic field components are then approximated with :
where φ = ω 0 t − lθ − x is the phase and α << 1 is the parameter accounting for the contribution of the additional azimuthal component generated out of the focal point. First, we assume a low laser intensity (a 0 << 1) which allows a perturbative expansion of Eqs. (4, 5, 6 ) in powers of a 0 (details are given in Supplementary Materials). Integrated over the pulse duration, the first order of electron OAM is zero, so that it does not contribute to the final electron OAM. The second order term of L x solves : Figure 5 exhibits a perfect agreement between the electron L x radial distribution computed from the numerical integration of Eqs. (4, 5, 6) and from the analytical expression (Eq. (11)) for a 0 = 0.4. As already observed in the PIC simulations [ Fig. 4 ], even at low intensity, most of the electrons acquire a negative longitudinal OAM. This analysis evidences that the laser to electron OAM transfer originates from the radial and longitudinal electron drift in the laser field. For r 0 = w 0 / √ 2 (where the intensity is maximum), the electrons acquire the maximum angular rotation, and the theoretical expression of L (2) x shows that the electron longitudinal motion contributes for 2/3 and the radial one for 1/3 to the final angular momentum value.
For higher laser intensity, a 0 = 1, the black circles and the red curve in Fig. 4 display the L (2) x values computed by numerically integrating Eqs. (4, 5, 6) and with the theoretical formula (Eq. (11)), respectively. The analytical expression deviates from the numerical integration of motion equations, but demonstrates a qualitative similar behaviour. We observe negative longitudinal OAM gained by electrons, and the correct order of magnitude for the L x values. A relatively good agreement between numerical results and PIC simulations is evident even if the azimuthal component of the field is chosen constant along the laser propagation in the numerical model [see Supplementary materials for more details]. In both cases, the laser transfers to electrons negative L x values, and the OAM transfer efficiency follows the laser intensity radial distribution.
The direction of the electron OAM changes by inverting the sign of the OAM laser beam [see Supplementary materials]. The generated solenoidal magnetic field is then directed to the opposite direction [see Fig.6(a) ]. As suggested by Eq. (11), the electron OAM amplitude is higher as the pulse duration is increased [see Supplementary materials]. Figure 6(b) , displaying the longitudinal cut of B x computed with a pulse duration equal to 12 optical cycles, shows that its amplitude is two times higher than for a pulse duration equal to 6 optical cycles. The longitudinal extension of the magnetic field is larger than for the shorter pulse duration, because the electrons have acquired higher longitudinal momenta resulting in a larger plasma expansion.
In conclusion, we demonstrated that a tightly focused radially polarized laser beam is able to transfer its Orbital Angular Momentum to electrons without any dissipative effects like collision or ionization. Only an optical process is responsible for the electron rotation gain, which originates from the radial and longitudinal electron drift in the laser field. Both radial and azimuthal components of the laser fields are needed for the laser to electron OAM transfer. By using 3D Particle In Cell simulations, we have shown that the rotated electrons produce a quasistatic magnetic field ∼ 50 T over more than 80 fs after the end of the laser-plasma interaction. This magnetic field is homogeneous over spatial dimensions (a 2.5 µm length and a 1.5 µm as transverse size) defined by the plasma length and the laser transverse size. An accurate choice of laser parameters, such as focal beam waist, laser intensity, laser OAM and/or pulse duration, make then possible a control of the quasi-static magnetic field production. A simple analytical model provides a quantitative estimation of the electron longitudinal orbital angular momentum values and the solenoidal magnetic field up to a 0 = 1. This work opens new ways to optically generate quasi-static magnetic field from the laser plasma interaction.
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